Studies from our laboratory have shown that epigallocatechin-3-gallate, the major polyphenol present in green tea, inhibits ultraviolet (UV)B-exposure-mediated phosphorylation of mitogen-activated protein kinases (MAPKs) (Toxicol. Appl. Pharmacol. 176: 110-117, 2001) and activation of nuclear factor kappa B (NF-jB) (Oncogene 22: 1035(Oncogene 22: -1044(Oncogene 22: , 2003 pathways in normal human epidermal keratinocytes. This study was designed to investigate the relevance of these findings to the in vivo situations in SKH-1 hairless mouse model, which is regarded to have relevance to human situations. SKH-1 hairless mice were topically treated with GTP (5 mg/ 0.2 ml acetone/mouse) and were exposed to UVB 30 min later (180 mJ/cm 2 ). These treatments were repeated every alternate day for 2 weeks, for a total of seven treatments. The animals were killed 24 h after the last UVB exposure. Topical application of GTP resulted in significant decrease in UVB-induced bifold-skin thickness, skin edema and infiltration of leukocytes. Employing Western blot analysis and immunohistochemical studies, we found that GTP resulted in inhibition of UVB-induced: (i) phosphorylation of extracellular-signal-regulated kinases (ERK1/2), (ii) c-Jun N-terminal kinases, and (iii) p38 protein expression. Since NF-jB plays a major role in inflammation and cell proliferation, we assessed the effect of GTP on UVB-mediated modulations in the NF-jB pathway. Our data demonstrated that GTP inhibited UVB-induced: (i) activation of NF-jB, (ii) activation of IKKa, and (iii) phosphorylation and degradation of IjBa. Our data suggest that GTP protects against the adverse effects of UV radiation via modulations in MAPK and NF-jB signaling pathways, and provides molecular basis for the photochemopreventive effect of GTP in an in vivo animal model system.
Introduction
Upon exposure to ultraviolet (UV) radiation present in the sunlight, photo-oxidative reactions are initiated, which are damaging to biomolecules and affect the integrity of skin cells and damage the skin (Mukhtar and Elmets, 1996; Stahl and Sies, 2002) . The induction of nonmelanoma skin cancer by chronic UV radiation is the most damaging outcome of epidermal DNA damage, persistent inflammation, oxidative stress, and suppression of T-cell-mediated immunity (Clydesdale et al., 2001; Dubois et al., 2001; Nghiem et al., 2002; F'guyer et al., 2003) . The incidence of nonmelanoma skin cancer, comprising of basal-and squamous-cell carcinoma, continues to increase in the United States, and solar UV, particularly its UVB (280-320 nm) spectrum, is the primary cause of these cancers and other cutaneous pathologies in the human population, more so in Caucasian individuals (Mukhtar and Elmets, 1996; Ananthaswamy et al., 1997; Greenlee et al., 2000; Jemal et al., 2000; de Gruijl, 2002) . Exposure of mammalian skin to UV radiation alter cellular function via DNA damage (Vink et al., 1997; Katiyar et al., 2000) , generation of reactive oxygen species (ROS) (Scharffetter-Kochanek et al., 1997; Katiyar et al., 2001a, b) , activation and phosphorylation of mitogen-activated protein kinases (MAPKs), nuclear factor kappa B (NF-kB), and other signaling events (Iordanov et al., 1997; Chen et al., 1999; Katiyar and Mukhtar, 2001; Lefort et al., 2001; Bachelor et al., 2002; Hildesheim et al., 2002; Afaq et al., 2003a) , and acts both as a tumor initiator and tumor promoter in animal models (Gensler and Welch, 1992; Katiyar et al., 1997) . The UVB-induced activation of signal transduction pathways that control the expression of genes is responsible for its tumor-promoting effects (Huang et al., 1996; Chen et al., 1998) . The MAPKs belong to a family of serine/threonine protein kinases, and is believed to play a critical role in UVB exposuremediated damages in the skin (Chen et al., 2001; Katiyar and Mukhtar, 2001; Hildesheim et al., 2002; Kang et al., 2003) . The MAPK family includes extracellular-signal-regulated kinases (ERK1/2), c-Jun N-terminal kinases (JNK1/2), and p38, which regulate a wide array of cellular processes (Karin, 1995; Su and Karin, 1996) . The NF-kB is composed of homodimers and heterodimers of Rel protein that is also involved in regulating the transcription of various genes (Thanos and Maniatis, 1995; Baldwin, 1996; Baeuerle and Baltimore, 1996; Maniatis, 1997) . NF-kB and MAPKs have emerged as a central component of the cellular signaling machinery that serves as an important regulatory role in inflammation, immunity, cell proliferation, and oncogenesis (Dhar et al., 2002; Yang et al., 2002) .
Green tea, a popular beverage derived from the leaves of Camellia sinensis and consumed worldwide, is a rich source of polyphenolic antioxidants. Based on several in vitro and in vivo studies, polyphenols present in green tea, most notably its major constituent epigallocatechin-3-gallate (EGCG), have been shown to exert antioxidant activity and photochemopreventive effects (Elmets et al., 2001; Katiyar and Mukhtar, 2001; Katiyar et al., 2001a, b; Kim et al., 2001; Nomura et al., 2001; Afaq et al., 2003a) . Previous cell culture studies from our laboratory have shown that EGCG inhibits UVBmediated phosphorylation of MAPKs (Katiyar et al., 2001a) and activation of NF-kB pathways in normal human epidermal keratinocytes (NHEK) (Afaq et al., 2003a) . This study was designed to investigate the relevance of these findings to the in vivo situations in SKH-1 hairless mouse. We found that topical application of GTP to SKH-1 hairless mice 30 min prior to UVB radiation resulted in significant inhibition of UVBinduced (i) skin edema, hyperplasia, and infiltration of leukocytes, (ii) phosphorylation of ERK1/2, JNK1/2, and p38 protein expressions, (iii) activation of NF-kB and IKKa, and phosphorylation and degradation of IkBa. Taken together, our data provide the molecular basis for photochemopreventive effects of green tea in an in vivo animal model system, by blocking signal transduction pathways which are relevant for cancer development and progression.
Results

Inhibitory effect of GTP on UVB-mediated cutaneous edema
Previous studies from our laboratory and by others have shown that UVB exposure to mouse skin results in cutaneous edema that is regarded as a marker of UVBmediated skin damage (Katiyar et al., 1997; Afaq et al., 2003b) . In the present study, we evaluated the protective effects of topical application of GTP in UVB-exposed SKH-1 hairless mouse. The SKH-1 hairless mice were topically treated with GTP (5 mg/0.2 ml acetone/mouse), followed by an exposure with UVB (180 mJ/cm 2 ) every alternate day for seven exposures. We found that topical application of GTP alone to mice did not result in an increase in either bifold-skin thickness or ear punch weight (Figure 1a, b) . Repeated exposure of the mice to UVB resulted in a significant increase in bifold-skin thickness and ear punch weight (Figure 1a,b) . Pretreatment of skin with GTP (30 min prior to each UVB exposure) was found to result in a significant inhibition in the increases in bifold-skin thickness (Po0.01) and ear punch weight (Po0.05) 24 h after the last UVB irradiation compared to UVB alone group (Figure 1a,b) .
Inhibitory effect of GTP on UVB-mediated hyperplasia and infiltration of leukocytes
The effect of preapplication of GTP on UVB-mediated induction of epidermal hyperplasia and infiltration of leukocytes was then assessed. As shown in Figure 2 , seven exposures of UVB irradiation every alternate day to the mouse skin resulted in significant increase in the epidermal thickness and vertical thickness of epidermal cell layers, when compared to control-treated animals. The preapplication of GTP, however, prior to that of each UVB irradiation, resulted in significant inhibition in the induction of epidermal hyperplasia that occurred following UVB exposure. GTP alone, however, did not Figure 1 Inhibitory effect of green tea polyphenol on UVBinduced increase in bifold-skin thickness and ear edema in SKH-1 hairless mice. The groups of mice (12 animals per group) were either unexposed (control), treated topically on the dorsal skin with GTP (5 mg in 200 ml acetone per mouse), exposed to UVB radiation (180 mJ/cm 2 ), treated topically on dorsal skin with GTP (5 mg in 200 ml acetone per mouse), and, 30 min later, exposed to UVB radiation (180 mJ/cm 2 ). The mice were topically treated with GTP, followed by an exposure with UVB (180 mJ/cm 2 ) every alternate day for seven exposures. At 24 h after the last UVB irradiation, the dorsal skin (a) and the ear skin (b) edema were determined by measuring the bifold-skin thickness of the exposed dorsal skin, and by measuring the ear punch (4 mm each) biopsy specimens, respectively. At least four determinations were made at different dorsal skin sites per mouse in each group. The data represent the mean7s.e. of 12 mice (*Po0.05; **Po0.01 vs UVB) Suppression of UVB effects in mouse skin by GTP F Afaq et al induce any epidermal hyperplasia, as was seen in these animals, comparable to that of control histology. We also found that repeated UVB exposure resulted in a marked increase in the infiltration of leukocytes that comprised of mostly neutrophils with some mononuclear cells admixed. However, this effect of UVBinduced infiltration of leukocytes was inhibited in a profound manner by preapplication of GTP (Figure 2 ).
Inhibitory effect of GTP on UVB-mediated phosphorylation of MAPKs
Our previous in vitro study demonstrated that EGCG inhibits UVB-induced phosphorylation of MAPKs in NHEK (Katiyar et al., 2001a) . To determine whether UVB could induce activation of MAPKs under in vivo condition in SKH-1 hairless mice, Western blot analysis and immunohistochemistry were performed using phosphospecific MAPK antibodies. In the present study, as evident from Western blot analysis, we found that repeated UVB exposure resulted in an increased phosphorylation of ERK1/2 (p44 and p42), JNK1/2 (p54 and p46), and p38. Preapplication of GTP, prior to repeated UVB exposure, significantly inhibited the phosphorylation of ERK1/2, JNK1/2, and p38 ( Figure 3a) . The relative density of the bands was measured from four individual blots, and data as mean7s.e. are shown in Figure 3b . As demonstrated by the relative density of the bands, topical application of GTP significantly inhibited UVB-induced phosphorylation of ERK1/2, JNK1/2, and p38, 24 h after the last UVB exposure (Figure 3b ). To further confirm our result, we performed immunohistochemistry in skin biopsies of these mice to examine the expression of the phosphorylated form of MAPKs (such as ERK1/2, JNK1/2, and p38). We found that multiple UVB irradiation to SKH-1 hairless mice resulted in a marked expression of the phosphorylated form of ERK in the epidermis and basal layer of the epidermis. However, topical application of GTP was found to result in a significant inhibition in the phosphorylated form of ERK (Figure 4 ). We also found that repeated UVB irradiation resulted in an increased expression of the phosphorylated form of JNK and p38. Preapplication of GTP significantly inhibited UVB-induced phosphorylation of JNK and p38 (Figures 5 and 6 ). These results further confirm our Western blotting data (Figure 3 ).
Inhibitory effect of GTP on UVB-mediated phosphorylation and degradation of IkBa, and activation of NF-kB and IKKa It has been documented that one of the critical events in NF-kB activation is its dissociation with subsequent degradation of inhibitory protein IkBa via phosphorylation and ubiquitination. To investigate the possible induction of the NF-kB signaling pathway by repeated UVB irradiation, and to determine whether the inhibitory action of GTP towards NF-kB activation was due to its effect on IkBa degradation, the cytosolic levels of IkBa were determined by Western blot analysis. In the present study, we found that multiple UVB exposure Figure 2 Inhibitory effect of green tea polyphenol on UVB-induced hyperplasia and infiltration of leukocytes in SKH-1 hairless mice. The groups of mice (12 animals per group) were either unexposed (control), treated topically on the dorsal skin with GTP (5 mg in 200 ml acetone per mouse), exposed to UVB radiation (180 mJ/cm 2 ), treated topically on dorsal skin with GTP (5 mg in 200 ml acetone per mouse), and, 30 min later, exposed to UVB radiation (180 mJ/cm 2 ). The mice were topically treated with GTP followed by an exposure with UVB (180 mJ/cm 2 ) every alternate day for seven exposures. At 24 h after the last UVB irradiation, the animals were killed, and skin biopsies were processed for hematoxylin and eosin staining. Representative pictures are shown and the infiltration of leukocytes is marked with arrows Suppression of UVB effects in mouse skin by GTP F Afaq et al resulted in degradation of IkBa protein in the epidermal cytosol, which was markedly inhibited by topical application of GTP prior to UVB irradiation ( Figure 7 ). NF-kB translocation to the nucleus is preceded by the phosphorylation and the proteolytic degradation of IkBa. We further determined whether UVB exposure affects the phosphorylation of IkBa protein.
As shown by Western blot, UVB exposure induced a marked increase in the phosphorylation level of IkBa protein at Ser 32 , which was inhibited by topical application of GTP prior to UVB irradiation. As evident from Western blot analysis and the relative density of the band, GTP inhibited UVB-induced degradation ( Figure 7 ) and phosphorylation of IkBa when compared to UVB-alone groups. Studies have shown that IKKa activity is necessary for IkBa protein phosphorylation/degradation induced by UVB radiation (Baldwin, 1996; Maniatis, 1997; Afaq et al., 2003a) . To evaluate the possible inhibitory mechanism of GTP on IkBa protein degradation, we also measured IKKa protein level. We found that UVB radiation resulted in the activation of IKKa protein, which in turn phosphorylates and degrades IkBa protein. Topical application of GTP prior to UVB irradiation inhibited UVBinduced activation of IKKa, as determined by the relative density of the band (Figure 7) .
In our previous studies, we have shown that EGCG inhibits UVB-induced activation and nuclear translocation of NF-kB/p65 in NHEK (Afaq et al., 2003a) . Here we investigated whether topical application of GTP inhibits UVB-induced activation and nuclear translocation of NF-kB/p65 in the skin of SKH-1 hairless mice. Employing Western blot analysis, we found that repeated UVB exposure resulted in the activation and nuclear translocation of NF-kB/p65. However, topical application of GTP was found to significantly inhibit UVB-induced NF-kB/p65 activation and nuclear translocation (Po0.001) ( Figure 8a ). Further, we performed electrophoretic mobility shift assay (EMSA) to investigate the effect of GTP treatment to UVB-induced NFkB activation. As shown in Figure 8b , UVB treatment resulted in a marked increase of NF-kB DNA-binding activity in comparison to control and GTP groups ( Figure 8b ). The induction of NF-kB/p65 DNA-binding activity coincided with the degradation of IkBa and activation of IKKa ( Figure 7 ). Topical application of GTP inhibited UVB-induced NF-kB DNA-binding activity ( Figure 8b ). To confirm our EMSA results, we performed supershift assay to investigate the effect of topical application of GTP on UVB-induced NF-kB/ p65 activation with antibody (NF-kB/p65). We found that GTP inhibited UVB-induced activation and nuclear translocation of NF-kB/p65, as evident from a marked decrease in NF-kB/p65 DNA-binding activity when compared to the UVB-alone group (Figure 8c ).
Discussion
Solar UV radiation is the most prominent and ubiquitous carcinogen in our environment, and skin is its major damaging target. The UVB component (290-320 nm) of solar UV radiation is believed to be the major cause of the variety of cutaneous disorders including skin cancers. Solar UVB radiation is a potent inducer of ROS, which are responsible for different types of skin manifestation via different pathways/ mechanisms. Exposure of mammalian cells to UV irradiation not only causes DNA damage, resulting in cell death or somatic mutation, but also results in the activation of MAPKs and NF-kB (Chen et al., 2001; Katiyar et al., 2001a; Afaq et al., 2003a) . Currently, considerable attention is focused on the use of naturally occurring botanicals for their potential preventive effect against UV radiation-mediated damages, which we refer to as 'photochemopreventive effects' . In fact, in recent years, a variety of naturally occurring agents, which are antioxidant in nature, are being widely used in skin care products and even in Figure 3 Inhibitory effect of green tea polyphenol on UVBinduced phosphorylation of ERK1/2, JNK, and p38 in SKH-1 hairless mice. The groups of mice (12 animals per group) were either unexposed (control), treated topically on the dorsal skin with GTP (5 mg in 200 ml acetone per mouse), exposed to UVB radiation (180 mJ/cm 2 ), treated topically on the dorsal skin with GTP (5 mg in 200 ml acetone per mouse), and, 30 min later, exposed to UVB radiation (180 mJ/cm 2 ). The mice were topically treated with GTP, followed by an exposure with UVB every alternate day for seven exposures. At 24 h after the last UVB irradiation, the animals were killed, epidermal protein lysate was prepared, and (a) Western blot analysis for protein expression and (b) relative density was performed, as described under 'Materials and methods'. The immunoblots shown here are representative of four independent experiments with similar results. The relative density of the bands was measured from four individual Western blots and normalized to b-actin, and presented as percent of control. The data represent the mean7s.e. of 12 mice (*Po0.001 vs UVB) Suppression of UVB effects in mouse skin by GTP F Afaq et al Figure 4 Inhibitory effect of green tea polyphenol on UVB-induced phosphorylation of ERK in SKH-1 hairless mice. The groups of mice (12 animals per group) were either unexposed (control), treated topically on the dorsal skin with GTP (5 mg in 200 ml acetone per mouse), exposed to UVB radiation (180 mJ/cm 2 ), treated topically on dorsal skin with GTP (5 mg in 200 ml acetone per mouse) and then 30 min later exposed to UVB radiation (180 mJ/cm 2 ). The mice were topically treated with GTP, followed by an exposure with UVB every alternate day for seven exposures. At 24 h after the last UVB irradiation, the animals were killed, the skin punch biopsies were frozen in optimal-cutting-temperature compound under liquid nitrogen immediately after removal, and immunostaining of the phosphorylated form of ERK was performed, as detailed in 'Materials and methods'. A representative picture from three independent immunostainings is shown Figure 5 Inhibitory effect of green tea polyphenol on UVB-induced phosphorylation of JNK in SKH-1 hairless mice. The groups of mice (12 animals per group) were either unexposed (control), treated topically on the dorsal skin with GTP (5 mg in 200 ml acetone per mouse), exposed to UVB radiation (180 mJ/cm 2 ), treated topically on dorsal skin with GTP (5 mg in 200 ml acetone per mouse), and, 30 min later, exposed to UVB radiation (180 mJ/cm 2 ). The mice were topically treated with GTP, followed by an exposure with UVB every alternate day for seven exposures. At 24 h after the last UVB irradiation, the animals were killed, the skin punch biopsies were frozen in optimal-cutting-temperature compound under liquid nitrogen immediately after removal, and immunostaining of the phosphorylated form of JNK was performed, as detailed in 'Materials and methods'. A representative picture from three independent immunostainings is shown Suppression of UVB effects in mouse skin by GTP F Afaq et al customized diets and beverages. Among these botanicals, green tea, obtained from the tea leaves of the plant Camellia sinensis and is a popular beverage consumed worldwide, contains many polyphenolic flavonoids. Our previous studies have shown that EGCG, the major polyphenolic constituent of GTP, inhibits UVB-induced phosphorylation of MAPKs and activation of NF-kB in NHEK (Katiyar et al., 2001a; Afaq et al., 2003a) . Studies from our laboratory and elsewhere have used the employed UVB dose of 180 mJ/cm 2 for studying UVB response in SKH-1 hairless mice (Katiyar et al., 1997; Afaq et al., 2003b; Mittal et al., 2003) . Similarly, the dose of GTP (5 mg/0.2 ml acetone/mouse) used in this study is also based on the prior studies from our laboratory, and at this dose, GTP has been shown to provide protection from cutaneous damages in the mouse skin . This study was designed to assess the photochemopreventive effects of GTP after multiple UVB irradiations to the skin of SKH-1 hairless mice, a well-accepted model of photodamage studies (Mukhtar and Elmets, 1996; Katiyar et al., 1997) . We selected to use seven exposures as an intermediate point between chronic and acute exposure, possibly reflecting the early effects of a persistent damage. Studies have shown that oral feeding as well as topical application of polyphenolic fraction isolated from GTP affords protection against the carcinogenic effects of UVB radiation (Wang et al., 1991; Katiyar et al., 1995) . We have also shown that topical application of GTP to humans reduced the number of sunburn cells and protected epidermal Langerhans cells from UV damage (Elmets et al., 2001) . We first assessed whether topical application of GTP, after repeated exposure of the mice to UVB, inhibits skin edema and infiltration of leukocytes. We found that topical application of GTP prior to each UVB irradiation significantly afforded protection against UVB-mediated cutaneous edema, when measured in terms of bifold-skin thickness and ear punch weight (Figure 1) , and also significantly inhibited UVB-induced infiltration of leukocytes (macrophage/neutrophils) (Figure 2) , a potential source of generation of ROS, and generation of prostaglandin metabolites. This study suggests the multiple applications of GTP before multiple UVB exposure produces anti-inflammatory effects.
The signal transduction pathways leading to transcription factor activation have been extensively studied in the last several years (Chang and Karin, 2001; Kyriakis and Avruch, 2001) . MAPK family constitutes a superfamily of proteins that include ERK1/2, JNK1/2, and P38 kinase (Chang and Karin, 2001; Kyriakis and Avruch, 2001; Potapova et al., 2001) . The involvement of the MAPK pathway in tumor proliferation is well documented. Activation of the MAPK pathway occurs in response to integrin-mediated cellular adhesion to the extracellular matrix, which plays a critical role in both tumor metastasis and angiogenesis (Chen et al., 1998; Zhu et al., 2002) . Previously, we have demonstrated that Figure 6 Inhibitory effect of green tea polyphenol on UVB-induced phosphorylation of p38 in SKH-1 hairless mice. The groups of mice (12 animals per group) were either unexposed (control), treated topically on the dorsal skin with GTP (5 mg in 200 ml acetone per mouse), exposed to UVB radiation (180 mJ/cm 2 ), treated topically on dorsal skin with GTP (5 mg in 200 ml acetone per mouse), and, 30 min later, exposed to UVB radiation (180 mJ/cm 2 ). The mice were topically treated with GTP, followed by an exposure with UVB every alternate day for seven exposures. At 24 h after the last UVB irradiation, the animals were killed, the skin punch biopsies were frozen in optimal-cutting-temperature compound under liquid nitrogen immediately after removal, and immunostaining of phosphorylated form of p38 was performed, as detailed in 'Materials and methods'. A representative picture from three independent immunostainings is shown Suppression of UVB effects in mouse skin by GTP F Afaq et al UVB exposure to NHEK results in an increased production of hydrogen peroxide that in turn activates the MAPK signaling pathway. Supplementation of EGCG to NHEK prior to UVB exposure was found to significantly inhibit UVB-induced activation of the MAPK signaling pathway (Katiyar et al., 2001a) . In the present study, we assessed the relevance of our in vitro findings to the in vivo situations in SKH-1 hairless mouse. Employing Western blot analysis and immunohistochemistry, we found that multiple UVB irradiation resulted in a marked increase in the phosphorylated form of ERK1/2, JNK1/2, and p38 protein expression. Importantly, a topical application of GTP prior to UVB irradiation was found to significantly inhibit UVBinduced phosphorylation of the MAPK protein (Figures  3-6 ). Several lines of evidence support the role of JNK pathway, which plays a major role in cellular functions, such as cell proliferation and transformation (Bost et al., 1997; Potapova et al., 2000) , whereas the ERK pathway was shown to suppress apoptosis and enhance cell survival or tumorigenesis (Xia et al., 1995; Huang et al., 1998) . JNK pathways are also involved in the phosphorylation and activation of several transcription factors, including c-Jun (Derijard et al., 1994) , ATF-2 (Read et al., 1997), Elk-1 (Cavigelli et al., 1995) , and p53 (Milne et al., 1995) . Studies have demonstrated that cell exposure to UV irradiation causes activation of the MAPK pathway (Chen et al., 2002; Chouinard et al., 2002; Iordanov et al., 2002; She et al., 2002) . JNK1/2 and p38 kinases are potently activated by various forms of stress, such as UV, heat shock, and inflammation Figure 7 Inhibitory effect of green tea polyphenol on UVBinduced activation of IKKa, and phosphorylation and degradation of IkBa in SKH-1 hairless mice. The groups of mice (12 animals per group) were either unexposed (control), treated topically on the dorsal skin with GTP (5 mg in 200 ml acetone per mouse), exposed to UVB radiation (180 mJ/cm 2 ), treated topically on dorsal skin with GTP (5 mg in 200 ml acetone per mouse), and, 30 min later, exposed to UVB radiation (180 mJ/cm 2 ). The mice were topically treated with GTP followed by an exposure with UVB every alternate day for seven exposures. At 24 h after the last UVB irradiation, the animals were killed, epidermal cytosolic protein lysate was prepared, and protein expression was determined, as described under 'Materials and methods'. Figure 8 Inhibitory effect of green tea polyphenol on UVBinduced activation of NF-kB in SKH-1 hairless mice. The groups of mice (12 animals per group) were either unexposed (control), treated topically on the dorsal skin with GTP (5 mg in 200 ml acetone per mouse), exposed to UVB radiation (180 mJ/cm 2 ), treated topically on dorsal skin with GTP (5 mg in 200 ml acetone per mouse), and, 30 min later, exposed to UVB radiation (180 mJ/ cm 2 ). The mice were topically treated with GTP followed by an exposure with UVB every alternate day for seven exposures. At 24 h after the last UVB irradiation, the animals were killed, epidermal nuclear lysate was prepared, and (a) Western blot analysis, (b) EMSA, and (c) supershift assay for the NF-kB-binding complex was demonstrated by anti-p65 antibody, as described under 'Materials and methods'. C1: biotin-EBNA control DNA only; C2: biotin-EBNA control DNA and the EBNA extract, and C3: biotin-EBNA control DNA and the EBNA extract and a 200-fold molar excess of unlabeled EBNA DNA. The immunoblots, EMSA, and supershift assay shown here are representative of three independent experiments with similar results. The relative density of the bands was measured from three individual Western blots and presented as percent of control. The data represent the mean7s.e. of 12 mice (*Po0.001 vs UVB). ns, nonspecific Suppression of UVB effects in mouse skin by GTP F Afaq et al (Derijard et al., 1994; Chen et al., 2002; Chouinard et al., 2002; Iordanov et al., 2002) . Experimental studies have shown that ERK1/2 and p38 are involved in the transcriptional activation of NF-kB (Adderley and Fitzgerald, 1999; Carter et al., 1999) .
In the present study, we further investigated the effect of GTP on the pattern of NF-kB activation and its nuclear translocation induced by UVB radiation in SKH-1 mouse skin. NF-kB refers to dimeric transcription factors, and many inflammatory responses are shown to be mediated by the activation of NF-kB (Baeuerle and Baltimore, 1996; Baldwin, 1996; Maniatis, 1997) . Heterodimers of NF-kB are most often sequestered in the cytoplasm in an inactive form bound to inhibitors (IkBs) of NF-kB (Baeuerle and Baltimore, 1988; Yamazaki et al., 2001; Garg and Aggarwal, 2002) . Upon appropriate stimulation of cells, IkBs are phosphorylated by specific IkB kinases and degraded (Baldwin, 1996; Maniatis, 1997) . Subsequently, the liberated NF-kB heterodimer can migrate to the cell nucleus to exert its action as a transcriptional activator. Activated NF-kB subsequently alters the transcription of a large number of genes, many of which participate in immune and inflammatory responses (Yamazaki et al., 2001; Garg and Aggarwal, 2002) . Studies have shown that NF-kB activation plays an important role in cell survival, by its ability to block or reduce apoptosis (Kaufman and Fuchs, 2000) . We have shown that topical application of EGCG to human and mouse skin before UV exposure significantly decreased UV-induced production of hydrogen peroxide and nitric oxide, influx of inflammatory cells, myeloperoxidase activity, and alteration in the endogenous antioxidant (Katiyar et al., 2000b; Katiyar and Mukhtar, 2001) . We have shown that EGCG inhibits constitutive expression and TNF-amediated activation of NF-kB in A431 and in NHEK (Ahmad et al., 2000) . Most recently, we have shown that EGCG inhibits UVB-induced activation of the NF-kB signaling pathway in NHEK (Afaq et al., 2003a) . In the present study, we have demonstrated that NF-kB is activated in the mouse skin upon repeated UVB radiation, and is translocated to the nucleus, when measured by Western blot analysis and NF-kB/p65 DNA-binding EMSA (Figure 8 ). UVB exposure also resulted in an increased phosphorylation and degradation of IkBa protein (Figure 7) . These results suggest that during UVB exposure of mammalian skin, a positive correlation between NF-kB/p65 activation and its translocation to the nucleus, and phosphorylation and degradation of IkBa protein occurs (Figures 7 and  8) . Interestingly, we found that topical application of GTP to the mouse skin prior to UVB radiation significantly inhibited UVB-induced NF-kB activation and phosphorylation and degradation of IkBa protein (Figures 7 and 8) . Phosphorylation of IkBa, an inhibitory subunit of NF-kB by cytokine-activated IkB kinases (IKK), and this phosphorylation precede the rapid degradation of IkBa that in turn activates NFkB (Baldwin, 1996; Afaq et al., 2003a) . Our study showing the modulation of IKK by GTP is important because IKK complex is believed to be an important site for integrating signals that regulate the NF-kB pathway.
To our knowledge, this is the first study to access the effects of semichronic UVB exposure on mammalian skin and effects of any botanical antioxidants on signaling pathways during these treatments. Taken together, our data suggest that UVB exposure to SKH-1 hairless mice resulted in an increase in skin edema and infiltration of leukocytes, activation of NFkB, and phosphorylation of MAPK signaling pathways.
Topical application of GTP to SKH-1 hairless mice before UVB exposure resulted in a significant decrease in skin edema and infiltration of leukocytes, a marker of inflammation. Topical application of GTP to SKH-1 hairless mice prior to UVB radiation also resulted in a significant inhibition of phosphorylation of MAPKs, activation of NF-kB/p65 and IKKa, and degradation and phosphorylation of IkBa. We suggest that GTP may be affording its effects through inhibition of these pathways.
Materials and methods
Materials
ERK1/2 (phospho-p44/42, Thr202/Tyr204), JNK (phospop54/46, Thr183/Tyr185), p38 (phospho-p38, Thr180/Tyr204), IkBa, and IkBa (phospho) antibodies were obtained from New England Biolabs, Inc. (Beverly, MA, USA). NF-kB/p65 antibody was procured from Geneka Biotechnology Inc. (Montreal, Canada). IKKa antibody was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antimouse or anti-rabbit secondary antibody horseradish peroxidase conjugate was obtained from Amersham Life Science Inc. (Arlington Height, IL, USA). Lightshiftt chemiluminescent EMSA kit was obtained from Pierce (Rockford, IL, USA). The DC BioRad Protein assay kit was purchased from BioRad Laboratories (Herculus, CA, USA). Novex precast Tris-glycine gels were obtained from Invitrogen (Carlsbad, CA, USA). GTP obtained from green tea leaves was a product of Korea (distributed by Hanni, Inc., Los Angeles, CA, USA). As described elsewhere in details (Aggarwal et al., 1992) , the reverse-phase HPLC analysis of GTP showed that it was mainly constituted of (À)-epicatechin, (À)-epigallocatechin, (À)-EGCG, and (À)-epicatechin-3-gallate, which were respectively 4.0, 3.7, 42.0, and 18.8% of the total GTP (w/w).
Animals and UVB light source
Female SKH-1 hairless mice (6-weeks old) obtained from Charles River Laboratories (Wilmington, MA, USA) were used in this study. After their arrival in the animal facility, the animals were allowed to acclimatize for 2 weeks before the start of the experiments. The animals were fed Purina Chow diet and water ad libitum. Throughout the experimental protocols, the mice were maintained at standard conditions: temperature 24721C, relative humidity 50710%, and 12 h room light/12 h dark cycle. For UVB irradiation, the mice were housed in specially designed cages where they were held in dividers separated by Plexiglas. The distance between the light source and target skin was 23 cm in all of the UVB irradiations. The UVB light source used was a bank of four Westinghouse FS-40-T-12 fluorescent lamps from which shortwavelength UVB (280-290 nm) and UVC not normally present in natural solar radiation were filtered out using Kodacel cellulose film (Eastman Kodak Co., Rochester, NY, USA) (Learn et al., 1993) . This light source emitted about 80% radiation in the range of 280-340 nm, with peak emission at 314 nm as monitored with an SEE 240 photodetector, 103 filter, and 1008 diffuser attached to an IL 700 Research Radiometer (International Light, Newburyport, MA, USA). In all, 48 female SKH-1 hairless mice, maintained as described, were divided into four groups of 12 animals each. The mice in the first group received a topical application of 200 ml acetone alone, and those in the second group received 5 mg GTP in 200 ml acetone/mouse. The mice in the third group received a topical application of 200 ml acetone alone, and those in the fourth group received 5 mg GTP in 200 ml acetone/mouse. At 30 min after these treatments, the mice in group 3 and group 4 were exposed to a UVB dose of 180 mJ/cm 2 . The mice in the third and fourth groups were exposed to UVB every alternate day for a total of seven exposures. The mice were then killed 24 h after the last UVB exposure.
Skin edema and hyperplasia
To assess the UVB-mediated skin edema and the protective effects of GTP, increase in bifold-skin thickness and ear-punch weight were measured. The mice were exposed to UVB (180 mJ/cm 2 ) every alternate day for seven exposures. After the seventh exposure, bifold-skin thickness and ear punch weight were measured. For the increase in bifold-skin thickness, atleast four determinations were made at different dorsal skin sites per mouse in each group. For ear punch weight studies, an identical protocol was employed, except that GTP (0.25 mg/10 ml acetone) was applied topically on each side of the ear. A 4 mm diameter punch of ear skin through the entire ear (four from each ear of the same mouse) was taken and quickly weighed. For determining hyperplasia, the skin was removed, fixed in 10% formalin, and embedded in paraffin. Vertical sections (5 mm) were cut, mounted on a glass slide, and stained with hematoxylin and eosin. For each section of the skin, the thickness of the epidermis from the basal layer to stratum corneum was measured at five equidistant interfollicular sites, utilizing an Olympus light microscope (Palo Alto, CA, USA) equipped with an ocular micrometer.
Preparation of epidermal skin lysate and nuclear lysate
Epidermis from the whole skin was separated as described earlier (Balasubramanian et al., 1999) , and was homogenized in ice-cold lysis buffer (50 mm Tris-HCl, 150 mm NaCl, 1 mm EGTA, 1 mm EDTA, 20 mm NaF, 100 mm Na 3 VO 4 , 0.5% NP-40, 1% Triton X-100, 1 mm PMSF (pH 7.4)) with freshly added protease inhibitor cocktail (Protease Inhibitor Cocktail Set III; Calbiochem, La Jolla, CA, USA). The homogenate was then centrifuged at 14 000 g for 25 min at 41C, and the supernatant (total cell lysate) was collected, aliquoted, and stored at -801C. For the preparation of nuclear lysate, 0.2 g of the epidermis was homogenized into 1.0 ml of ice-cold phosphate-buffered saline (pH 7.6) and centrifuged at 12 000 g for 5 min at 41C. The pellet was resuspended in 1 ml of cold buffer containing 10 mm HEPES (pH 7.9), 2 mm MgCl 2 , 10 mm KCl, 1 mm dithiothreitol, 0.1 mm EDTA, and 0.1 mm PMSF. After homogenization in a tight-fitting Dounce homogenizer, the homogenates were left on ice for 10 min, and were then centrifuged at 25 000 g for 10 min. The nuclear pellet was resuspended in 0.1 ml of the buffer containing 10 mm HEPES (pH 7.9), 300 mm NaCl, 50 mm KCl, 0.1 mm EDTA, 1 mm dithiothreitol, 0.1 mm PMSF, and 10% glycerol with freshly added protease inhibitor cocktail (Protease Inhibitor Cocktail Set III, Calbiochem, La Jolla, CA, USA). The suspension was gently shaken for 20 min at 41C. After centrifugation at 25 000 g for 10 min, the nuclear extracts (supernatants) were collected and quickly frozen at À801C. The protein content in the lysates was measured by DC BioRad assay (BioRad Laboratories, Hercules, CA, USA) as per the manufacturer's protocol.
Western blot analysis
For Western analysis, 25-50 mg of the protein was resolved over 8-12% polyacrylamide gels and transferred to a nitrocellulose membrane. The blot containing the transferred protein was blocked in blocking buffer (5% nonfat dry milk, 1% Tween 20; in 20 mm TBS, pH 7.6) for 1 h at room temperature, followed by incubation with the appropriate monoclonal primary antibody in blocking buffer for 1 h overnight at 41C. This was followed by incubation with antimouse or anti-rabbit secondary antibody horseradish peroxidase (Amersham Life Sciences, Inc.) for 1 h, and then washed several times and detected by chemiluminescence (ECL kit, Amersham Life Sciences, Inc.) and autoradiography using XAR-5 film obtained from Eastman Kodak Co. (Rochester, NY, USA). Densitometric measurements of the band in Western blot analysis were performed using digitalized scientific software program UN-SCAN-IT (Silk Scientific Corporation, Orem, UT, USA).
Electrophoretic mobility shift assay (EMSA)
EMSA for NF-kB was performed using a lightshift TM chemiluminescent EMSA kit (Pierce, Rockford, IL, USA) by following the manufacturer's protocol. To start with, DNA was biotin labeled using the Biotin 3 0 endlabeling kit (Pierce, Rockford, IL, USA). Biefly, in a 50 ml reaction buffer, 5 pmol of double-stranded NF-kB oligonucleotide 5 0 -AGT TGA GGG GAC TTT CCC AGG C-3 0 ; 3 0 -TCA ACT CCC CTG AAA GGG TCC G-5 0 was incubated in a microfuge tube with 10 ml of 5 Â terminal deoxynucleotidyl transferase (TdT) buffer, 5 ml of 5 m biotin-N4-CTP, 10 U of diluted TdT, and 25 ml of ultrapure water, and incubated at 371C for 30 min. For supershift assay, the reaction mixture was incubated for an additional 20 min with or without antibody for NF-kB/p65 (1 ml, Geneka Biotechnology Inc.). The reaction was stopped with 2.5 ml of 0.2 m EDTA. To extract labeled DNA, 50 ml of chloroform : isoamyl alcohol (24 : 1) was added to each tube and centrifuged briefly at 13 000 g. The top aqueous phase containing the labeled DNA was removed and saved for binding reactions. Each binding reaction contained 1 Â binding buffer (100 mm Tris, 500 mm KCl, 10 mm dithiothreitol, pH 7.5), 2.5% glycerol, 5 mm MgCl 2 , 50 ng/ml poly (dI-dC), 0.05% NP-40, 5 mg of nuclear extract, and 20-50 fm of biotinendlabeled target DNA. The content was incubated at room temperature for 20 min. To this reaction mixture, 5 ml of 5 Â loading buffer was added, subjected to gel electrophoresis on a native polyacrylamide gel, and transferred to a nylon membrane. When the transfer was complete, DNA was crosslinked to the membrane at 120 mJ/cm 2 using a UV crosslinker equipped with 254 nm bulbs. The biotin endlabeled DNA was detected using streptavidin-horseradish peroxidase conjugate and a chemiluminescent substrate. The membrane was exposed to X-ray film (XAR-5 Amersham Life Science Inc., Arlington Height, IL, USA) and developed using a Kodak film processor.
Immunostaining of MAPK
At 24 h after the last UVB irradiation, the animals were killed. The skin punch biopsies were frozen in optimal-cutting-temperature compound under liquid nitrogen immediately after removal. The skin biopsies were stored at -801C for further use. To detect UV-induced MAPK protein expression, immunostaining of MAPK was performed. Briefly, 6 m-thick frozen skin sections were fixed in cold acetone for 10 min and nonspecific antibody binding was blocked using goat serum (10% phosphate-buffered saline (PBS)). Thereafter, the sections were incubated with phosphorylated form of antimouse MAPK antibodies. The bound anti-mouse MAPK was detected by incubation with biotinylated goat anti-mouse IgG1, followed by peroxidase-labeled streptavidin. Slides were developed with 3,3 0 -diaminobenzidine (DAB) as a substrate for 3-5 min. The sections were then rinsed with distilled water and counterstained with methyl green (2% for 60 min), cleared, and mounted. The diaminobenzidine-peroxidase reaction gave a brown reaction product and the methyl green, a blue nuclear counterstain.
Microscopy and photography
Images from immunostaining experiments were obtained using a Zeiss Axioplot microscope (Thornwood, NY, USA) and Kodak Ektachrome 160T film (Rochester, NJ, USA). These images were scanned (SprintScan; Polaroid, Cambridge, MA, USA) and formatted as Tag Image File Format (TIFF) images in Adobe Photoshop 6.0 software, to make the composite figures.
Statistical analysis
The results are expressed as the mean plus or minus standard deviation. Statistical analysis of all the data between groups receiving UVB exposure alone and those with GTP treatment plus UVB exposure was performed by Student's t-test. P-value o0.05 was considered statistically significant.
